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Introduction
At implantation of implantable cardioverter defibrillators (ICDs), several factors influence defibrillation effectiveness including the size^ and location^ of the defibrillation electrodes, the waveform^'^ and the sequence of delivery^ of the defibrillation pulse. In patch electrode systems. electrode polarity is another factor reported to affect defibrillation efficacy.^"^ Optimal polarity has heen reported to vary fTom patient to patient so it is recommended that hoth polarities be assessed at the time of ICD implantation/"^ For extemal defibrillation, electrode polarity does not appear to affect cardiac resuscitation.^° Recent reports suggest that the defihrillation threshold [DFT) is lower with the right ventricular (RV) electrode as an anode than with the RV electrode as a cathode in a catheter-to-subcutaneous patch system in dogs with monophasic and biphasic shocks^^ and in a totally catheter-based system in humans with monophasic shocks.^^ The purpose of this study was to determine probability of success curves for defihrillation in pigs to evaluate whether the electrode polarity of monophasic and hiphasic shocks affects defihrillation efficacy with an endocardiai lead system having electrodes in the superior vena cava (SVC) and RV.
Methods
This study was approved by the Institutional Animal Care and Use Committee at Duke University. It conformed to the guidelines of the American Heart Association on Research Animal Use adopted November 11. 1984.
Animal Preparation
Six, 23-to 27-kg pigs were preanesthetized with 74 mg/kg ketamine and 0.74 mg/kg acepromazine, given intramuscularly. Subsequently, anesthesia was maintained with sodium pentobarbital by a 10 mg/kg initial intravenous dose followed hy a continuous intravenous infusion of 0.05 mg/ kg per minute. Succinylcholine was initially given at an intramuscular dose of 1 mg/kg and later at 0.25-0.5 mg/kg no more than once per hour to decrease muscle contraction induced by defibrillation shock. Morphine sulfate was initially given at an intramuscular dose of 0.4 mg/kg and later at 0.2 mg/kg once per 2 hours to maintain analgesia. The pigs were intubated with a cuffed endocardiai tube and ventilated with room air and oxygen through a respirator (Harvard Apparatus, Inc., South Natick, MA, USA). Arterial hlood pressure was monitored with a catheter inserted in the femoral artery and connected to a Statham transducer (Gould, Inc., Valley View, OH, USA). Blood pressure and a lead II electrocardiogram were continuously displayed on a monitor (VSM, Physio-Control Corp., Redmond, WA, USA). Rectal temperature was monitored continuously and maintained within normal limits with an electric blanket. Normal saline was continuously infused through a catheter placed in the right internal jugular vein. Blood samples were taken every 60 minutes to determine the pH, P02. Pc;o2. base excess, CO3, HCO;," contents, and calcium, potassium, and sodium concentrations. Normal metabolic status was maintained throughout the study hy administrating electrolytes and changing the oxygen concentration of inspired air.
Two 3.4-cm long catheter platinum-coated titanium electrodes, 3.9 cm^ in area (Cardiac Pacemakers, Inc., St. Paul, MN, USA) were used. One was inserted from the left external jugular vein and the other was inserted from the right external jugular vein. These two electrodes were randomly exchanged for each experiment. The electrodes were advanced to the proper position under fluoroscopic guidance. The SVC electrode was positioned at the right atrial/SVC junction. The RV electrode was advanced as far as possible into the RV apex. Each catheter was secured with a ligature at the venotomy site to stabilize its position.
Fibrillation and Defibrillation Procedures
Ventric:ular fibrillation was induced with 60-Hz alternating current delivered through the two defihriHating catheters. Fibrillation was allowed to continue 10 seconds before a defibrillation test shock was given. Defihrillation testing was performed during expiration with the respirator temporarily disconnected from the intubation tube. If a test shock failed, a rescue shock of higher defibrillation energy was given immediately through the same catheter system. A minimum of 4 minutes was allowed to elapse before another shock was tested.
Monophasic or biphasic, fixed duration, truncated exponential shocks were generated by a 150-(JLF defibrillator (Ventritex HVS-02, Sunnyvale, CA, USA). Monophasic shocks were 6 ms in duration, while for biphasic shocks the first phase was 6 ms and the second was 4 ms in duration (Fig. 1) . For biphasic shocks, leading edge voltage of phase two (V2L) equaled the trailing edge voltage of phase one (VlT) (Fig. 1) , and the overall tilt varied with system impedance.
Four electrode configurations were tested ( The sequence of order for testing electrode configurations was randomized to account for variation during the course of the experiment. Each trial consisted of four shocks of these con- figurations. The four shocks in each trial were delivered in random order.
A probahility of success method that used an up/down protocol was used to determine defihrillation efficacy.""^^ An up/down protocol requiring 15 shocks was used to determine each defibrillation prohability of success curve. Counting of the 15 shocks was not started until the first reversal in response. The starting voltage was 600 V for monophasic shocks and 400 V for biphasic shocks. Voltage steps of 40 V were used initially. Every time a shock succeeded, the next test shock was decreased hy one step size. Conversely, every time a shock failed, the next shock was increased hy one step size.
Step size was reduced to 20 V following the first reversal of outcome from success to failure or from failure to success.
At the conclusion of the study, the anesthetized animal was terminally fibrillated. The chest was opened, and the positions of the catheters were checked to verify their locations. The catheters were removed, and the heart was excised and weighed.
Data Analysis
The actual current and voltage waveforms delivered to the electrodes were obtained hy isolating and recording the voltage across a 0.25-ohm resistor in series with the electrodes and a 200:1, 100 M-ohm resistor divider in parallel with the electrodes. These waveforms were digitized at a frequency of 20 kHz and recorded by a waveform analyzer (model 6100, Data Precision, Inc., Danvers, MA, USA). Signal analysis software within the analyzer was used to calculate the impedance and energy from the current and voltage measurements. The output of the waveform analyzer was stored in a computerized datafile (Sun Microsystems, Inc., Mountain View, CA, USA).
For monophasic shocks, voltage was expressed as leading edge voltage, current as the average current, and energy as the total delivered energy. For biphasic shocks, voltage was expressed as leading edge voltage of phase one, current as the average current of phase one, and energy the 
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sum of the delivered energy of both phases of the test shock.
For each animal, sigmoid defibrillation probability curves were generated for each measured parameter using probit analysis.^^ The mean values ± SD for leading edge voltage, total delivered energy, and average current were determined at the 50% and 80% probability of success points for each configuration. Impedance was calculated by averaging the data from the 15 shocks for each configuration in each animal. The mean values ± SD of impedance were determined for each configuration. Repeated measures analysis of variance with the Student-Newman-Keul's test'^ was used to compare these variables. Significance was defined as P < 0.05.
Results
The mean heart weight ± SD was 138 ± 22 g for six pigs. Voltage, energy, and current at the 50% and 80% success points and the impedance for each configuration are summarized in Table I .
For monophasic shocks, the polarity reversal of the RV electrode from cathode to anode caused a significant decrease in voltage, energy, and current. At the 50% success point, voltage and current weredecreasedby 18%, and energy was decreased by 33%. Polarity reversal did not affect the interelectrode impedance.
For biphasic shocks, which were 4 ms longer in total duration than monophasic shocks, voltage, energy, and current all were significantly lower than for monophasic shocks. However, polarity reversal ofthe RV electrode from first phase cathode to first phase anode did not significantly affect defibrillation efficacy. Although interelectrode impedance was slightly higher than it was for monophasic shocks probably because the shock voltage was lower/^ polarity reversal did not affect the interelectrode impedance, either.
Discussion
This study compared the influence of polarity on defibrillation efficacy for monophasic and biphasic shocks with an endocardial electrode configuration. For monophasic shocks, defibrillation energy requirements were lower when the RV electrode was the anode than when it was the cathode. For biphasic shocks, defibrillation energy requirements were not different whether the RV electrode was a first anode or a cathode.
Influence of Polarity Reversal for Monophasic Shocks
Defibrillation energy requirements were lower witb the RV electrode as an anode for monophasic shocks. We used two electrodes ofthe same type as the SVC and RV electrodes. Thus, the results cannot be explained by differences in the size, surface area, or material of the electrodes since they were the same for both electrodes. Changes in impedance cannot explain tbese results either, because interelectrode impedances were not affected by polarity reversal. Therefore, different responses of the myocardium to the two shock polarities must be responsible for the different defibrillation efficacies.
Schnder et al.*' found that the percentage of successful defibrillation was slightly higher when the upper RV patch was used as an anode than when the left ventricular (LV) apical patch was used as an anode in dogs. In contrast, Bardy et al. ' ' reported that the DFT in terms of delivered energy was 23% lower when the posterolateral LV patch was positive than when the anterior RV patch was positive during clinical implantation of ICDs. The different results between these studies might be explained by the different positions of the LV patch. When the LV patch is placed on the apex, dofibrillation efficacy would be greater with the patch as a cathode. When the LV patch is placed on the posterolateral wall, defibrillation efficacy would be greater with the patch as an anode. Thakur et al." found that defibrillation energy requirements were lower when the RV catheter electrode was an anode than wben the left chest wall subcutaneous patch was an anode in dogs. Schuder et al.'' found that for transthoracic defibrillation in calves the percentage of successful defibrillation was higher when the electrode over tbe apex was a cathode. However, Weaver et al.^" reported that for external defibriliation in humans polarity did not affect the outcomes of cardiac resuscitation. The results of these studies and our study suggest that defibrillation energy requirements may be lower when the electrode attached to the RV is used as an anode or when the left thoracic electrode over the apex is used as a cathode, but that in clinical practice other factors such as longer fibrillation time or the existence of myocardial infarction may minimize the effect of polarity on defibrillation efficacy.
The experimental results of this study support the findings of one family of mathematical models of the relationship between shock fields and the transmembrane potential called bidomain models.^"'-'While predicting that a cathode depolarizes the transmembrane potential of cells immediately adjacent to tbe shocking electrode, these models also predict that, beginning 1 to 4 mm away from the cathode and extending for several centimeters or more, the transmembrane potential is hyperpolarized. Conversely, immediately adjacent to an anode the transmembrane potential is hyperpolarized, while tissue farther than 1-4 mm from the anode is depolarized. Recently, hyperpolarized regions near a cathode (virtual anodes) and depolarized regions near an anode (virtual cathodes) were observed experimentally in cardiac tissue.^"'^^ Previous experimental results indicate that the ventricular region from which activation first appears after a failed defibrillation shock and in which the shock extracellular potential gradient is weak for the electrode configuration used in this study is the LV apex and LV lateral free wall.^^'^'' The bidomain models raise the possibility that this region is hyperpolarized when the RV electrode is a cathode and is depolarized when the RV electrode is an anode. If we assume similarly that it is easier to defibrillate depolarized tissue than hyperpolarized tissue with truncated exponential waveforms, defibrillation efficacy should be greater when the RV electrode is an anode, since this will cause the tissue in which the shock potential gradient is weak and in which earliest activation appears following failed defibrillation shocks to be depolarized. The results of this study confirm this prediction. This theory predicts that, if the SVC electrode is placed in the region ofthe innominate vein or in the coronary sinus with a totally catheter-based system, defibrillation efficacy should still be greater with the RV electrode as an anode because the anode should depolarize the LV apex. However, if an LV patch is placed on the apex or if a left thoracic electrode is placed over the apex, defibrillation efficacy should be greater with the patch or thoracic electrode as a cathode because the cathode should depolarize the LV apex underlying the electrode.
Influence of Polarity Reversal for Biphasic Shocks
As opposed to a monophasic shock, the biphasic waveform can depolarize all portions of the ventricles. Part of the tissue will be depolarized during the first phase of the shock; the remainder of the tissue, which is hyperpolarized during the first phase, will be depolarized by the second phase if the amount of current during the second phase of the shock is sufficiently large. Reversing the polarity of a biphasic shock simply interchanges which portions of the heart are depolarized by the first phase and by the second phase. Therefore, in contrast to monopbasic shocks, re-USUI, ET AL. versing shock polarity for biphasic shocks would not necessarily be expected to increase defibrillation efficacy if field requirements for defibrillation are lower for depolarized than hyperpolarized tissue. The finding in this study that biphasic shock efficacy was not altered by changing shock polarity supports this explanation.
Other findings, however, do not support this explanation. The biphasic waveform used in this study delivered much more current in the first phase than in the second phase. According to this explanation, reversing the sequence of the two phases should not affect defibrillation efficacy, since with either sequence the two phases of the biphasic waveform should depolarize all portions of the ventricles. It has been shown, however, that reversing the two phases of the biphasic waveform, so that the amount of current delivered during the first phase is much smaller than that delivered during the second phase, greatly decreases defibrillation efficacy.^"^"^T hakur et al.^^ reported that polarity reversal also affected defibrillation efficacy for biphasic shocks with the RV-subcutaneous patch configuration. Defibrillation energy requirements were lower when the RV catheter electrode was a first phase anode than when the left chest wall suhcutaneous patch was a first phase anode. This discrepancy between their results and ours suggests that differences in electrode configurations may influence the effect of polarity on bipbasic defibrillation.
Limitations
Other waveforms of various duration were not tested. For biphasic shocks, a 6/4-ms waveform was chosen because waveforms with a shorter phase two than phase one duration are more effective for defibrillation.^^-^^ If biphasic waveforms with a longer or shorter second phase duration had been used, polarity reversal migbt have made a difference in defihrillation efficacy. Similarly, other defibrillation electrode configurations were not tested. Electrode location may also alter the effects of shock polarity on defibrillation.
Conclusions
The major findings from this study are: (1) for monophasic shocks, leading edge voltage, average current, and total delivered energy at 50% and 80% probability of success were significantly lower when the RV electrode was an anode than when it was a cathode with an SVC-RV endocardial system in pigs; and (2) for biphasic shocks, 50% and 80% probability of success values were not different whether the RV electrode was a first phase cathode or anode. Therefore, the configuration with the RV electrode as an anode should be tested first in clinical DFT testing wben monophasic waveforms are used.
